Abstract: This study focuses on the fabrication and characterization of Love wave surface acoustic wave (LW-SAW) sensors with a thin nano-crystalline diamond (NCD) coating with an integrated microfluidics system. The effect of diamond layer thickness on the acoustic wave phase velocity and the sensor's sensitivity have been investigated experimentally and compared with theoretical simulations. The fabricated sensors have been tested with a several liquids using a home-made microfluidics system.
Introduction
Biosensors are a very promising tool for bacteria detection, which can potentially replace conventional time consuming and labour intensive microbiological techniques [1] . Amongst acoustic sensors, Love wave surface acoustic wave (LW-SAW) sensors are the most sensitive one which can operate in liquids. Elastic waves generated by the piezoelectric substrate are coupled to a guiding layer with a lower phase velocity than the substrate's one. In LW-SAW, the displacement of particles is parallel to the surface and perpendicular to the direction of propagation, which allows waves to travel in contact with liquids without acoustic radiative losses in liquids [2, 3] . When the LW-SAW sensor operates in liquid, the wave propagation is affected mainly by mass loading, and could be also affected by viscous loading and acoustoelectric coupling between electric field and ions and dipoles in liquid leading to the changes in propagation velocity, attenuation of signal and variation of resonant frequency and insertion loss [2] . Real-time monitoring sensors require a long term stability of attached bio-receptors. Several chemical functionalization schemes were developed in last decades that enabled biomolecule attachment onto diamond surface [4, 5] . Recent study demonstrated prolonged stability of attached biomolecules in comparison to silicon or gold surfaces [6] . For these reasons, in this work, we investigate the properties of diamond coated LW-SAW sensors for their potential use as bio-sensors.
Materials and Methods
LW-SAW sensors were fabricated on ST-cut quartz crystals with 200 nm thick aluminum interdigital transducers (IDTs) with two different spatial periods-λ = 16 and 32 µm using photolithography and lift-off techniques. An amorphous SiO2 layer (hSiO2 = 1.45 µm) acting as a guiding layer was deposited using plasma enhanced chemical vapour deposition (PECVD). Thin nano-crystalline diamond (NCD) layers were deposited using a microwave linear antenna plasma enhanced chemical vapour deposition (MW-LA-PECVD) system. To prevent diamond growth on the IDTs contact pads, a selective diamond seeding process using clean lab tape was used. All diamond depositions were carried out at low temperature (<500 °C) to preserve the piezoelectric properties of the quartz crystal. The effect of diamond layer thickness was investigated by deposition of consecutive diamond layers. Surface roughness and surface morphology of the diamond coating were investigated using a Dimension Icon ambient atomic force microscope in Peak Tapping mode. Diamond layers were also characterized by Raman spectroscopy using Renishaw InVia Raman microscope with 488 nm laser. Sensor sensitivity has been determined by measurement of the frequency response of the diamond coated (100 nm thick) LW-SAW sensor as a function of the thickness of a thin polymer deposited on the sensor surface. The polymer consists of a multi-layer of diluted lift-off resist (LOR) deposited by spin coating at 5000 rpm for 30 s and subsequently baked for 110 °C for 150 s on a hot plate. IDTs contact pads were also protected for LOR deposition by clean lab tape. Frequency response of the LW-SAW sensors were carried out using a vector network analyzer Agilent E8364B and Summit 9000 Analytical Probe Station with Infinity Probes at room temperature. LW-SAW sensors were tested with four different liquids-water, methanol (MeOH), isopropylalcohol (IPA) and phosphate buffer saline (PBS composition: 8 g of NaCl, 0.2 g of KH2PO4, 1.27 g of Na2HPO4 and 100 mL (0.02% (w/v)) EDTA in 1 l of deionized water) using an home-made microfluidics set-up. Figure 1a shows AFM picture of a 30 nm thick NCD layer deposited on a LW-SAW device. The NCD layer is well coalesced and nearly closed. Figure 1b) shows the Raman spectra of NCD layers with different thicknesses. The diamond peak at 1332 cm −1 can be clearly observed. No significant fraction of sp 2 carbon phase is observed. The peak at 1490 cm −1 is attributed to transpolyacetylene [7] . On Raman spectra for 30 nm thick NCD layer, one can observe SiO2 substrate's peaks at 800 and 1100 cm −1 . Figure 2a shows the centre frequency shift and phase velocity of a LW-SAW sensors with a silica normalized thickness hSiO2/λ = 0.1 as a function of the diamond layer thickness. It is clearly observed that both the phase velocity and the centre frequency increase with the increasing surface's stiffness of thick NCD layers. This intuitive result is consistent with theoretical modelling [8] . 
Results and Discussion

Effect of NCD Layer Thickness
Sensitivity
The measurement of sensor's sensitivity was carried out on a 100 nm thick NCD coated LW-SAW sensor with two different silica normalized thicknesses hSiO2/λ = 0.05 and 0.1 and compared to uncoated (i.e., no diamond layer) sensors. Figure 2b) clearly shows the sensor centre frequency decrease with the increasing the LOR thickness and its mass loading. The frequency shift of uncoated and NCD coated sensors are comparable for both normalized thicknesses. The LW-SAW sensors with hSiO2/λ = 0.1 exhibit the highest sensitivity of 1170 cm 2 /g compared to 340 cm 2 /g of the sensor with hSiO2/λ = 0.05.
Sensor Operation in Liquids
The frequency response of LW-SAW sensors with two normalized thicknesses hSiO2/λ = 0.05 and 0.1 with 100 nm thick NCD layer was also tested with four liquids using an home-made microfluidics set-up. All liquids have a larger dielectric constant than the quartz substrate ( 4.5) and different viscosity (see Table 1 ). The insertion loss increases with liquids of high dielectric constant. The thin amorphous SiO2 guiding layer does not reduce capacitive loading so the impedance mismatch of the devices increase the insertion loss and alter the frequency response [9] . The highest insertion loss was observed for PBS buffer, which was caused by presence of salts ions in comparison to distilled water. Elevation of baseline level was also observed with higher dielectric constant. Out of band rejection was slightly lower for diamond coated LW-SAW sensors in comparison to uncoated ones. Contribution to acoustic losses have also mechanical properties of liquid such as viscosity or density. It was also observed, that there is no frequency shift between frequency response of sensor integrated in microfluidic set-up without liquid and with liquid loading for uncoated as well as NCD coated LW-SAW sensor. 
Conclusions
In this work, we investigated properties of diamond coated LW-SAW sensors. The center frequency as well as phase velocity of Love waves increase with thickness of deposited NCD layer as expected from theoretical simulations. Remarkably, NCD coated LW-SAW sensors shows sensitivity comparable to uncoated sensors. A sensitivity as high as 1170 cm 2 /g has been determined for a diamond coated (100 nm thick) sensors and normalized amorphous silica thickness hSiO2/λ = 0.1. These counter intuitive results are highly promising for potential bio-sensing applications. The sensors were also tested in various liquids. High insertion loses have observed and attributed to dielectric mismatch between the sensor and the liquid. As a result, the ST-cut quartz piezoelectric substrate is not an ideal substrate for LW-SAW sensors operating in water due to its low dielectric constant. Nonetheless, no frequency shift was observed due to liquid loading. Piezoelectric substrate with higher dielectric constant such as LiTaO3 or LiNbO3, or increasing of thickness of the silica guiding layer are possible solutions to resolve this issue.
